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THE STRUCTURE AND MAGNETIC AND ELECTRICAL CONDUCTIVITY PROPERTIES ™
OF THE CHARGE TRANSFER COMPOUND 1,1'—DIMETHYLPHRROHFN!UM BIS~
(TETRACYANOQUINOD IMETHANE) , [(CH3C5H4)2FQ][TCNQ]2 {

Scott R. wtlson,a Peter J. Corvan,a Reginald P. Scidurs,d
Derek J. Hodgson,® Maurice Brookhart,® William E.
Hatfield,® Joel S. Miller,® Arthur H. Reis, Jr.,© d

P. K. Rogan,€ Elizabeth Cebert® and Arthur J. Epstein

Kenan Laboratory 045A, University of North Carolina,
Chapel Hill, NC 275148 b
Rockwell Science Center, Thousand Oauks, CA 91360
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Xerox Webster Research Center, Rochester, NY 140644

Metallocenes react with tetracyanoquinodimethane (TCNQ) to
yield charge transfer compounds precdominantly of the stoichiometry
[metallocene][TCNQ] or [metallocene][TCNQ]z. »2  The 1:2 compounds

have relitlvcl high electrical conductivities which range from 4

ohm lem™* for E(CSHS)ZFe][TCNQ]2 to 0.03 ohm~lem™1 for [(CH3C5"4)2FC]‘
[TCNQ]Z,1 but, up to now, difficulties in obtaining high quality
single crystals have prevented structural determinations.

The recent report3 of the use of Sephedax gels for the growth
of single crystals led us to use this technique in the case of
[(cnjcsna)zre][rcnqlz.

Exper imental Section:

The title charge-transfer complex was prepared by reaction of
1,1'-dimethylferrocene and TCNQ (molar ratio 1:2, respectively) in
hot acetonitrile solution. Dark needles were isolated by filtra-
tion of the cooled solution. A portion of this material was dis-
solved in a minimum volume of hot acetonitrile and the resulting
dark green solution was poured into a warm test tube (1.5 x 12 cm).
Immediately, Sephadex LH-20 (Pharmacia Fine Chemicals) was added
until all the acetonitrile had been absorbed. The test tube was
allowed to cool slowly, and within 30 minutes small vectangular
prisms of the complex began growing inside the gel. After one day
at room temperature, the gel was then broken up with distilled water




and individual crystals were removed for study.

For the preparation of dimethylferrocenium hexafluorophosphate,
dimethylferrvocene (4.0 mmole) was oxidized by stirring in dilute
nitric acid for 2 hours at which time dissolution was nearly com-
plete. The addition of ammonium hexafluorophosphate to the fil- 1
tered solution produced a blue-grey precipitate of the PF6' salt,

This material was then rapidly recrystallized from anhydrous '
methanol to give 0.22 g (15% yield) of the PFg salt as a green-grey
powder, wvhose formulation was confirmed by clemental analysis.

|
Magnetic properties were measured using a PAR vibrating sample !,
magnetometer. Temperatures were measured with a calibrated gal- !1
lium/arsenide diode by observing the voltage on a Dana Model 4700 g
4.5 place digital voltmeter. Details of the experimental techniques |
have been given elsewhere.?
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Crystallographfic Scction:

Two entirely separate sets of data were collected, one at
Argonne National lLaboratory and the other at the University of
North Carolina; the following discussion pertains to the latter set,
since these data were obtained from a crystal synthesized by the 3
method described above. The two data sets are, however, of com-
parable quality, and the derived structural parameters are equal
with standard deviations.

On the basis of precession and Weissenberg photography, the |
intensely dark blue prismatic crystals were assigned to the tri- | 4
clinic system, the space group being either Pl or Pl; the former | 3
choice was confirmed by the successful refinement of the structure. | 4
The cell constants, obtained by least-squares methods from the
diffractometer settings of twelve reflections yith 206 (Mo) > 25 '
are a = 7.660(2), b = 7.530(2), c = 14.083(4) A, a = 83. 83(2)° ‘
g = 110.42(2)°, Yy = 94.48(2)°. The observations were made at 22 C
with the wavelength assumed as A (MoKa;) = 0.70926 A. A density of
1.35(1) g em™3 observed by flotation 1n chloroform/dichloromethane
solutions {8 in acceptable agreement with the value of 1.370 g em™3 4
} calculated for one formula unit per cell. Hence, in space group

Pl the iron atom is constrained to lie on a crystallographic inver-
sion center.

Diffraction data were collected from a prismatic crystal
bounded by the (001), (001), (100), (100), (010), and (011) faces.
The approximate crystal dimensions were 0.51 x 0.16 x 0.11 mm in ‘
the [100], [001], and [010] directions, respectively. The crystal | 3
was mounted approximately parallel to the crystallographic a axis, i
and intensity data were collected on a Picker four circle automatic '
diffractometer equipped with a molybdenum tube and a graphite mono-
i chromator. Data were collected by the 6/20 scan technique at a




scan rate of 1.0°m1n.-1. To allow for the presence of both Ka, and

Kaz radiations, peaks were scanned from 1.0° in 20 below the cal-

culated Kal peak position to 1.0° in 26 above the calculated Ka,
peak position. Stationary-counter, stationary-crystal backgrounds
were counted for 20s at each end of the scans. A unique data set
having 20 (MoKa) < 55° was gathered, a total of 3747 reflections
being collected. The intensities of three standard reflections,
examined after every 100 reflections, remained essentially constant
throughout the run,

The data were processed by the method of Ibers and coworkers.
After correction for background, the intensities were assigned stan-
dard deviations as

a(1) = [c + 0.25(ts/tb)2(BH + BL) + (p[)ZJ!’

where the symbols have their usual meanings5 and the value of p was
assigned as 0.04. The values of I and o(I) were gorrected for
Lorentz-polarization effects® and for absorption. The absorption
coefficient u for these atoms with MoKa radiation is 5.28 cm™ -, and
for the sample chosen the transmission coefficients ranged from
0.92 to 0.96. Of the 3747 intensities recorded, only 1599 were
independent data with I > 30(I); only thcse data were used in the
structure analysis.

The structure was solved by direct methods using the highesg
256 normalized structure amplitudes (E's) in the program MULTAN.
Because of some pseudo symmetry, the data with h = 2n had to be
scaled separately from those with h = (2n + 1). The resulting E-
map revealed the locations of the TCNQ carbon atoms and the iron
atom (constrained to lie on an inversion center). Isotropic refine-
ment of these positions led to values of the conventional agrcemegt
factors Ry = ETIFO[-IFCII/EIFO[ and Ry = [Zw(IFo|~|Fcl)2/£w(Fo)2]

of 0.281 and 0.364, respectively. All least-squares 5ef1nements
were on F, the function minimized beigg tw(lFo?-chl) with the
weight w being assigned as bFozlazéFo ). The scattering factors
were taken from the usual sources.

The carbon atoms of the methylcyclopentadienyl moiety were
located in a difference Fourier map. Eventual anisotropic refine-
ment of these atoms led to Ry = 0.072, Ry = 0.077. Addition of the

four hydrogen atoms in the TCNQ moiety, refined isotropically, gave
Ry = 0.064, Ry = 0.065. At this stage of refinement the C-C ring
bond lengths in the methylgyclopentadienyl moiety were rather short,
ranging from 1.33 to 1.39 A, and the Uij's were very large; these
observations could be attributable to some disorder, which is
extremely common for systems of this type,lo but attempts to refine
a disordered model were unsuccessful. Addition of the remaining
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hydrogen atoms led to R{ = 0.059; a difference Fourier at this
t

stage was featureless with no peak higher than 0.5 eA™3,

Description of the Structure:
The structure consists of Fe(CH3CSHA)2 and TCNQ units. The

iron atom lies on a crystallographic inversion center. ‘The TCNQ
moieties also lie on inversion centers, there being two crystallo-
graphically indcpendent "half-TCNQ" moieties. The packing of these
fragments in the crystal is shown in Figures 1 and 2. As is scen in
Figure 2, one TCNQ unit (A) approaches neighboring iron atoms
(through its terminal CN groups) much more closely than does the

Figure 1. A view of structure of 1,1'-~dimethylferrocenium (T(:NQ)2
along the a axis which shows the slipped nature of
the TCNQ stacks.

other (B). As is seen in the figures, the structure can be viewed
as consisting of chains of CH3CSH4 (MeCp) rings separ.ted by parallel

chains of TCNQ units; the direction of the chains is the crystallo-
graphic a-axis. The MeCp and TCNQ rings are not normal to the
chain direction, however; in the MeCp chain the angle betwcen the
normal to the planes and the a-axis is 9.1°, while in the TCNQ
chain the average value is 14.2°,

In the MeCp chains, there are two distinct scparations; the
rings involved with any given Fe atom are separated by 3.41 A
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Figure 2. A view of the structure of 1,1'-dlmethylfcerrocenium
(TCNQ)2 along the b axis which shows the parallel
stacks of ferrocenium ions and TCNQ units.

while ncighboring rings are separated by 3.63 X. The units in the
TCNQ chains are equally spaced, the center of each ring lying on
an inversion center; the separation between each ring center is
simply a/2 as measured along a&. Since the rings are not normal to
the chain direction, however, the interplanar separation is only
3.23 A,

The two TCNQ units are crystallographically distinct and are
much more precisely determined than the MeCp rings because of the
high thermal motion (or disorder) of the latter. The rings each
display the expected quinoidal geometry, with two "double" bonds
and four "single" bonds. In the A ring these are of lengths 1.343(7)
and 1.425(6) and 1.433(6) A, respectively, while in the B ring the
values are 1.334(7), 1.436(6), and 1.438(6) A, respectively. The
four terminal C-N bond lengths are all very sipilar, with values
of 1.139(6), 1.139(6), 1.140(6), and 1.145(6) A. There appears to
be a significant difference, however, betwecen the extracyclic .
nominally double,C-C bonds in the two rings; in ring A this has the
length 1.395(6) A, while in ring B it is 1.378(6) X. This small
but significant difference, which is independently confirmed in the
Argonne analysis, has been observed by other workers in related
systems11 and can be attributed to an increase in radical character
on ring A relative to that on B. In neutral TCNQ this distance is
1.374 A, in JCNQ it is 1.418 X and tn the system reported as TCNQ?™
it is 1.388 A; hence, it is apparent that this C=C distance is

—
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extremely sensitive to electron donation from donors in the cry-
stal.1l Tn the present case, the observation of apparently greater
donation to ring A is entirely consistent with the structural fea-
ture noted above that this ring approaches the Fe(MeCp), donor
moieties much more closely than does ring B. Alternatively, this
crystallographic result of uniformly spaced TCNQ molecules with
alternating intramolecular bond lengths may reflect a Peierls dis-
tortion and gap which is stabilized by intramolecular distortion
in this uniform chain band system which is one-quarter filled with
large on-site Coulomb repulsions.12 The dc conductivity is pro-
portional to exp(-1200/T) in agreement with this model. However,
resonance Raman data taken with 457.9 nm radiation supports the
formulation TCNQO°5‘, since the primary Raman active exocyclic C-C
absorption occurs at 1428 cﬁ'l, a value which is consistent with a
negative charge on TCNQ of 0.42 + 0.1, 1

Magnetic Properties:

The temperature variation of the magnetic susceptibility of
a powdered sample of [(CH,C Ha)ZFe][TCNQ o was determined in the

3

temperature range 4.2 to 76§K. The data are presented in Figure 3
as a plot of the reciprocal of the molar susceptibility versus
temperature. The data may be fit very precisely by the Curie-Weiss

Law
X = 79

where C = N32828(8+l)/3k with g = 2,837 and 6 = -0.732°. The best
fit of the Curie-Weiss Law to the data is shown as the solid line
in Figure 3. The average g value determined from the magnetic
susceptibility data agrees nicely with an average g value of 2.79
which may be calculated from the EPR data for 1,1'-dimethylferro-
cenium hexafluorophosphate using the expression

2
savez = 1/3(g)|% + 2¢]%

and the observed g” = 4,002 and gL = 1.92.14 For the purpose of

comparison, magnetic susceptibility data for 1,1'-dimethylferro-
cenium hexafluorophosphate are plotted as open squares in Figure 3.
The close agreement of the data for the two compounds leads to

the conclusion that the susceptibility in this temperature region
is dominated by the 1,1'-dimethylferrocenium cation, and more
remarkably, to the conclusion that these cations, although packed
closely in the crystal structure, do not exhibit appreciable inter-
molecular spin-spin interactions.
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Figure 3. The inverse susceptibility of 1,1'-dimethylferrocenium
('I‘CNQ)2 (+) and 1,1'-dimethylferrocenium (PF6)2(n) as a
function of temperature. The solid line is the best fit
to the Curie-Weiss law for the TCNQ charge transfer com-
pound.
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